Abstract-The assessment of the electromagnetic (EM) bias is required to predict the performance of upcoming global navigation satellite systems-reflectometry (GNSS-R) altimetry systems, and its impact in data assimilation climate studies. In previous studies, the EM bias in bistatic GNSS-R altimetry (L-band) was numerically estimated for a wind-driven sea surface height spectrum, including the time-domain variability. In the present study, spectral models for the rain, swell, and surface currents are used to compute a perturbed wind-driven sea surface height spectrum, from which a perturbed three-dimensional (3-D) time-evolving wind-driven sea surface height is computed. The generated sea surface is then illuminated by a right hand circular polarization (RHCP) L-band EM wave, and the wave scattered from each facet is computed from each facet using the physical optics (PO) method under the Kirchhoff approximation (KA). Finally, the EM bias is computed numerically as the height of each patch times the forward-scattering coefficient, divided by the average of the forward-scattering coefficient. The impact of rain on the EM bias is a moderate decrease (in magnitude) due to the damping of the large gravity waves, which is more significant as the wind speed increases. The impact of swell is a small increase (in magnitude) mostly due to the change of the local incidence angles. The impact of currents can be either a moderate increase or decrease (in magnitude), depending on the sense of the current with respect to the wind, due to a change in the surface roughness.
I. INTRODUCTION
N OWADAYS, remote sensing using "free" signals of opportunity provides tremendous opportunities for Earth observation. Global navigation satellite system (GNSS) emits right hand circular polarization (RHCP) waves toward the Earth's surface continuously. The reflected waves contain valuable information from the Earth's surface characteristics. The idea of using GNSS signals in remote sensing was first proposed in 1988 for scatterometry [1] , and in 1993 for mesoscale ocean altimetry [2] . The concept of GNSSreflectometry (GNSS-R) is illustrated in Fig. 1 . There are two main GNSS-R techniques: the conventional GNSS-R in which the reflected signal is cross-correlated with a locally generated replica of the signal transmitted by the GNSS satellite and the interferometric one in which the direct and reflected signals are cross-correlated among them [3] . In addition to the geometric delay to be measured, several other contributions affect the accuracy of the delay estimation, such as instrument imperfections (see, e.g., [4] for a detailed analysis), clock offsets among the receiver and the transmitter relative to the GPS time scale, the tropospheric and ionospheric delays. The tropospheric delay has two contributions, the "dry delay" (or "hydrostatic delay"), with an average of 2.3 m, and a residual error of ∼ 0.7 cm, and the "wet delay" which is very variable, typically in the 5-30 cm range. The "wet delay" can be computed using atmospheric models or measured with microwave radiometers, with a precision of ∼1.1 cm. The ionospheric delay is very important and extremely variable, typically in the 1-to 20-m range, and it can be estimated and compensated for with a precision of ∼ 0.5 cm using dual-frequency observations.
The electromagnetic (EM) bias is induced by the wave asymmetry (peaks and valleys), and it is an important error source in radar altimetry. The EM bias problem was first reported in [5] . Later, several studies to estimate the EM bias have been performed at C-and Ku-bands for nadir-looking, and offnadir configuration scenarios [6] - [14] . In previous works, the EM bias for a wind-driven sea surface was analyzed using the Kirchhoff approximation (KA) of the geometric optics method [15] . This model was then refined using the physical optics (PO) method [16] . This method was validated using existing data at C-and Ku-bands, and then extended to L-band in bistatic configurations (GNSS-R), including the dependence with the wind speed, the incidence/scattering angle, and the azimuth angle. More recently, the time-domain statistics of the EM bias were also studied using this simulator [17] .
However, to the authors' knowledge, the impact of rain, swell, and currents over the sea surface on the EM bias was not previously considered. This study addresses these issues.
Raindrops splashing on the sea surface create a fresh water layer 1 and they induce changes in the surface roughness, which depends on the rain-rate intensity, and the drop size distribution (DSD). In this study, the log-Gaussian spectrum is used to generate the sea surface overlapped by raindrops as was proposed in [18] and [19] .
Swell is a series of propagating waves, not generated by the immediate local wind, but by distant weather systems, where wind is blowing for a period of time over a given fetch. The swell spectrum can be modeled using a narrow-band Gaussian spectrum, superimposed to the sea spectrum. In [20] , the impact of swell on the scattering cross-section was investigated at L-band, and it was demonstrated that the backscattering cross-section increased by the presence of swell over the sea surface.
Near-surface currents also alter the sea surface roughness and can affect the scattering processes significantly. The impact of the sea surface currents over the sea surface spectrum has been accounted for using Huang's model [21] .
Since the impact of these perturbing effects is small or moderate, only the deviations with respect to the unperturbed wind-driven spectrum are of interest in this study. These models have been successfully used in the past to compute the impact of rain, swell, and currents in the sea surface emissivity at L-band [22] - [24] .
In this work, the EM bias is numerically computed using its basic definition, as the ratio of the average of the radar crosssection density σ 0 times the sea surface elevation (ξ), and the average radar cross-section density [11] 
The whole process is described in [16] , and it is summarized below.
1) A sea surface height spectrum is used to compute the sea surface height realization. It is parameterized in terms of the wind speed. 2) A perturbation spectrum (either for the rain, swell, or currents) is computed.
3) The combined spectrum resulting from the interaction of the first two (which is not the linear sum of the two) is computed by solving iteratively some conditions as described in [19] . 4) From the combined spectrum, a surface height realization is computed over a square of 6 km side, in patches of 20 cm [16] . For computational purposes, the surface was divided in blocks of 1000 × 1000 m each one, as illustrated in Fig. 2 . The size is enough so as to include the longest waves associated to the highest wind speed conditions and swell. 5) For each sea surface height realization, using a typical value of the sea water dielectric constant (ε r = 73 + j57.5), and a prerecorded GPS direct signal collected using a geodetic GPS antenna, and a datalogger, 2 the radar scattering cross-section [σ 0 in (1)] from each individual patch is computed using the PO scattering technique under the KA (e.g., [25] ). 6) Finally, using (1), the EM bias is computed, since for each patch its height (ξ) and radar scattering cross-section (σ 0 ) values are known. 7) The procedure is repeated 10 times to reduce the uncertainty of the estimation. Error bars in the plots presented indicate the 95% confidence levels. This paper is organized as follows. Section II analyzes the impact of rain on the EM bias. Section III analyzes the impact of swell. Section IV analyzes the impact of surface currents. Finally, Section V presents the conclusion.
II. IMPACT OF RAIN ON THE EM BIAS
When a raindrop falls over the water surface three types of roughness are created: craters, stalks, and crowns. The surface roughness depends on several parameters, such as the raindrop size, DSD, the presence of wind, etc. In addition, raindrops hitting the sea surface not only change the surface roughness, but also provide a fresh water layer that can affect the sea water dielectric constant and the scattering process.
The impact of rain on the scattering cross-section density was investigated at Ku-band, and it was demonstrated that it was dependent on the rain-rate intensity. In [18] , the rain spectrum was analyzed, and it was concluded that it has contributions from the ring-waves on the water, and from turbulence underneath the water surface. The omnidirectional rain spectrum was formulated using the log-Gaussian wave number spectral model [18] S rain (k) = 1 2π
where C g is the group velocity [m/s], S fp = 6 · 10
The rain-perturbed sea surface spectrum can then be simulated by superimposing the rain contribution to the sea spectrum, and solving it iteratively satisfying some conditions [19] . Due to the turbulence created by raindrops, the impact of heavy rainfall is a net damping of the sea waves, preferentially the short-wavelength gravity waves [28] , [29] .
Using (2) and following the procedure described in Section I, a synthetic wind-driven sea surface perturbed by rain is created, and the EM bias computed. The EM bias at θ i = θ s = 25
• , 35
• , and 45
• is presented in Fig. 3(a) -(c), as a function of the wind speed without and with high rain rates 3 (R = 100, 200 mm/h). As it can be seen, the EM bias is always smaller for rainperturbed sea surfaces, because of the damping of the large sea waves. This effect becomes more important at high wind speeds. However, the difference between the EM bias with and without rain decreases, for increasing incidence angles, because for the same surface roughness, the Rayleigh criterion 4 is more easily satisfied at larger incidence angles. In these conditions, GNSS-R altimetry estimates are prone to large errors, and, e.g., the impact of hurricane surges will be likely incorrectly predicted. Fig. 4 shows the wind-driven and the rain isolated contributions to the composite sea surface height spectrum in the highest wave numbers.
III. IMPACT OF SWELL ON THE EM BIAS
Since at higher frequencies Bragg-scattering is the dominant mechanism, the impact of swell (mainly a modulation of the local slopes) is more noticeable at lower frequencies. Actually, the backscattering cross-section is significantly affected by swell at L-band, although its impact is negligible at Ku-band [20] . 3 These extreme rainfall amounts are likely to happen in slow moving tropical ciclones, e.g., 150 mm/h (6 inch/h) have been reported in Miami. The U.S. record is 1092 mm of rain in 24 h in Alvin, Texas during Tropical Storm Claudette in 1979 ([Online]. Available: http://www.nwas.org/digest/ papers/2000/Vol24No12/Pg61-Pfost.pdf). 4 The Rayleigh criterion establishes the relationship between surface roughness, incidence angle, and wavelength that determines whether a surface can be considered smooth to an electromagnetic wave. Usually, the surface is considered smooth if the maximum phase difference between two rays is π/2. The swell can be modeled as a narrow-band Gaussian spectrum added to the ocean spectrum [20] where h 2 is the height variance of the swell, σ x and σ y are the spectral standard deviations, k x and k y are the x and y components of the wave number k, k xm and k ym are the spectral peak wave number of the swell in the x and y directions, respectively, which in general, are not coincident with the up-wind and cross-wind ones.
To illustrate this effect a h 2 = 4 m 2 swell variance, a wave-
, and σ x = σ y = 0.0025 m −1 is simulated. Fig. 5 illustrates the windinduced spectrum for wind speeds 5, 10, 15, and 20 m/s, and the swell spectrum for the above conditions.
Using (3), and following the procedure described in Section I, including the iterative solution of the nonlinear addition of both spectra, 5 a synthetic wind-driven sea surface perturbed by swell is created, and the EM bias computed. The impact of swell is a change. The computed EM bias affected by swell is shown in Fig. 6(a)-(c) for different incidence/scattering angles θ i = θ s = 25
• . As it can be appreciated, the presence of swell produces an increase (in magnitude) of the EM bias. This impact becomes more noticeable at increasing wind speeds for increasing incidence angles (4 m/s at 25
• , 14 m/s at 45
• ). Since the swell model includes very large quasi-sinusoidal waves (Fig. 5, blue line) , the impact is negligible at low wind speeds, and it is only noticeable for strong winds due to the change of the local slopes and the hydrodynamic modulation.
Other effects such as the induced Doppler frequency due to the orbital velocities (< 10 cm/s, even in extreme events 6 ) are negligible, since in the GNSS-R bistatic configuration, with moving transmitters (and possibly receivers), the Doppler frequency is not zero and varies with time, and the Doppler bandwidth is also quite large. 7 
IV. IMPACT OF CURRENTS ON THE EM BIAS
Wind-driven waves are generated by the friction between the air flow and the water. Therefore, ocean currents also affect the sea surface spectrum. The effects of currents on waves can be summarized as follows (adapted from [31] ).
1) Wave generation by wind:
The effective wind is the one relative to the surface current. The wave age, the effective surface roughness, and the effective fetch also change in the presence of a current. 2) Wave propagation: Current refraction depends on the spatial variation of currents, either decreasing or increasing toward the coast. Generally shoaling depths will increase the tidal amplitude toward the coast until friction reverses this trend. Waves will tend to turn toward the direction of the current axis. 3) Doppler shift: Waves of the same absolute period will have a longer intrinsic period in a favorable current and a shorter intrinsic period in an opposing current. 4) Steepening of waves on an opposing current (related to previous bullet), due to shorter wavelength and increased wave height from wave action conservation. 5) Modulation of absolute frequency by unsteady currents and modulation of intrinsic frequency by propagation over spatial gradients of current. If the current is steady the absolute frequency should be constant, if the current is homogeneous the intrinsic frequency should be constant. If both intrinsic and absolute period show a tidal modulation, the currents must be effectively inhomogeneous and unsteady. 6) Wave-current bottom stress: Various empirical theories suggest that the friction coefficient experienced by waves in a current regime will be larger than in no current. This also applies to the effective current friction factor in the presence of waves. In [21] , the interactions between surface currents and gravity graves were studied and quantified using the simple closedform spectrum given by (4) 
where
C p is the phase velocity, U 10 is the 10 m height wind speed, U current is the current speed (same direction or opposite to wind speed), and g is the gravitational constant. Fig. 7 (a) and (b) shows the resulting spectra for wind speeds 5 and 10 m/s, for no current, an up-wind current, and a downwind current. As it can be appreciated, if the wind and the sea current have the same direction and sense, the relative speed of the air with respect to the water is smaller, and therefore the high-frequency wind-driven capillary waves are smaller, the sea surface is flatter, and the EM bias will be smaller (in absolute value). If the wind and the sea current have the same direction and opposite sense, the relative speed of the air with respect to the water is higher, and therefore the wind-driven waves are larger, and so will be the EM bias (in absolute value).
Using (4) for the combined effect of wind and currents, and following the procedure described in Section I, a synthetic wind-driven sea surface perturbed by currents is created, and the EM bias computed. Fig. 8 shows the impact of ocean currents in the EM bias as a function of the wind speed. When the current is positive (same direction as the wind), the EM bias decreases (in absolute value) because of the reduced surface roughness, and when the current is negative (against the wind), the EM bias increases in magnitude, with a maximum increment of~5 cm at U 10 = 20 m/s, and θ i = θ s = 25
• . In addition, as for the swell, for increasing incidence angles, the impact of currents becomes more noticeable at higher wind speeds.
Stronger negative currents (against the wind) are possible in real life, but then, the spectrum cannot be modeled as in (4) , waves tend to break, and other phenomena such as foam appears in the surface reducing the magnitude of the scattering coefficients. For this reason, in Fig. 7 , we have restricted ourselves to −0.1 m/s. 
V. CONCLUSION
The EM bias dependence on the wind speed and the incidence angle in GNSS-R systems was studied in [15] - [17] and [33] . The impact on the EM bias of other natural phenomena influencing the sea surface roughness (rain, swell, and surface currents) has been studied in this work for a bistatic configuration at L-band (GNSS-R system).
The presence of heavy rainfall over the sea surface affects the EM bias, but this effect is only detectable at high wind speeds, and for intense rain rates. For example, at θ i = θ s = 25
• , the EM bias decreases (in magnitude) by ∼ 5 cm for U 10 = 20 m/s and R = 200 mm/h. The impact of swell over the ocean surface is an increase of the EM bias values, although this effect is weak, and only noticeable (∼ 2 − 3 cm) for high wind speeds (U 10 = 20 m/s) and large swells (h 2 = 4 m 2 variance height). Finally, the effect of surface currents can be either an increase or a decrease of the EM bias, depending on whether the current is against the wind or it has the same direction and versus. The presence of a current (U current = −0.1 m/s) opposite to the wind direction increases the EM bias for all incidence angles, particularly at high wind speeds. On the contrary, the presence of a current (U current = +3 m/s) with the same direction as the wind, decreases the EM bias.
Since these natural effects produce a non-negligible variability of the EM bias (∼ 50%change), it is important to account for them in order to make a good estimate of this residual error, and its impact in the altimetry error budget [4] , and in climate assimilation studies. Despite the EM bias, other GNSS-R observables (waveforms, delay-Doppler maps, etc.) are sensitive to the sea surface slopes (e.g., [34] ), and can be used to extract other meaningful sea surface features.
